The developmental toxicities of 4 methacrylates were studied in Sprague-Dawley rats after inhalation exposure for 6 h/day, during days 6 to 20 of gestation. The exposure concentrations were, for methacrylic acid, 0, 50, 100, 200, or 300 ppm; for ethyl methacrylate, 0, 600, 1200, 1800, or 2400 ppm; for n-butyl methacrylate, 0, 100, 300, 600, or 1200 ppm; and for allyl methacrylate, 0, 12, 25, 50, or 100 ppm. No significant increases in embryo/fetal lethality or fetal malformations were observed after exposure to any of these methacrylates. Fetal toxicity evidenced by statistically significant decreases in fetal body weights was observed at exposure levels > 1200 ppm ethyl methacrylate, > 600 ppm n-butyl methacrylate, and at 100 ppm allyl methacrylate. Statistically significant increases in the incidence of fetuses with skeletal variations and of fetuses with any variations were noted at 1200 ppm n-butyl methacrylate. These developmental effects were observed in the presence of overt signs of maternal toxicity. While maternal toxicity was observed, methacrylic acid caused no evidence of developmental toxicity up to 300 ppm.
Methacrylates are high-volume chemicals primarily used in the production of polymers for paints and coatings and in components for the automotive, building, and furniture industries. They are also used for making artificial fingernails, dentures, contact lenses, and in orthopedic surgery (CIR Expert Panel, 1995; ECETOC, 1995 ECETOC, , 1996 ECETOC, , 1997 Kirk-Othmer, 1991; U.S. EPA, 1985 U.S. EPA, , 1986 .
Despite the high volume of production, little information is available in the published literature on the potential developmental toxicities of methacrylates. Undiluted methyl, ethyl, or n-butyl methacrylate was administered ip to groups of 5 pregnant Sprague-Dawley rats on gestational days (GD) 5, 10, and 15 at dosages representing a tenth, a fifth, and a third of their acute LD 50 (0.3280, 1.2228, and 2.3039 ml/kg, respectively). All doses of ethyl methacrylate and the high doses of n-butyl methacrylate caused an increased incidence of resorptions.
Methyl, ethyl, and n-butyl methacrylate produced concentration-related increases in external alterations (mainly hemangiomas and twisted hind legs). Skeletal examination of about half of the fetuses also revealed skeletal defects (mainly elongated and fused ribs) after ethyl or n-butyl methacrylate administration. Soft tissues of the fetuses and maternal toxic effects were not examined (Singh et al., 1972) . McLaughlin et al. (1978) exposed 18 pregnant ICR mice to 1330 ppm methyl methacrylate for 2 h, twice daily, during GD6 through GD15 (GD1 corresponded to the day vaginal plug was found). No signs of embryo/fetal toxicity were observed. Maternal effects were not recorded.
Methyl methacrylate was administered by inhalation (head and nose only) to groups of 22 to 31 pregnant Sprague-Dawley rats on days 6 to 15 of gestation at a concentration of 110 mg/l (27,000 ppm) for 17.2 or 54.2 min/day (approximately onequarter and three-quarters of the acute LT50 respectively, i.e. the time required to kill 50% of the exposed animals) (Nicholas et al., 1979) . The 110 mg/L concentration of methyl methacrylate represented the approximate vapor saturation at 15°C. Maternal mortality was observed after exposure for 54.2 min/ day. Maternal weight and food consumption were affected in both treated groups. Decreased fetal body weights and crownrump lengths and delayed ossification of sternebrae were observed in both short-and long-exposure groups. In addition, exposure for 54.2 min/day caused increased incidences of early fetal deaths, hematomas, and unossified vertebrae. Low incidences of several other skeletal anomalies (e.g., fused and stunted ribs, short crooked tails, vertebral abnormalities) were also noted in this group.
In an abstract containing few details, Luo et al. (1986) reported no maternal toxic effects in rats exposed to 0.52 or 4.48 mg/L of methyl methacrylate (125 and 1080 ppm, respectively) for 2 h every 3 days, from days 6 to 18 of gestation. A significant increase in the incidence of resorptions was observed at 4.48 mg/L and delayed ossification occurred at both concentrations. Solomon et al. (1993) exposed groups of 23 to 25 pregnant rats (Crl: CD) to 99, 304, 1178, or 2028 ppm methyl methacrylate, 6 h/day, on days 6 -15 of gestation. Maternal toxicity was noted at all exposure levels. There was a slight and transient decrease in maternal weight gain at 99 and 304 ppm. At 1178 and 2028 ppm, maternal effects included losses in body weight in the early exposure period, decreased body weight gain, and decreased absolute weight gain. Maternal food consumption was reduced in all exposure groups. No evidence of embryo or fetal toxicity or teratogenicity was found at any exposure levels.
To our knowledge, only methyl methacrylate has been examined for its teratogenic potential after inhalation exposure during the period of major organogenesis. Thus, this study was designed to assess the developmental toxicity of methacrylic acid and 3 of its esters, ethyl, n-butyl, and allyl methacrylate, in Sprague-Dawley rats after inhalation exposure throughout the embryonic and fetal periods.
MATERIALS AND METHODS

Chemicals.
Methacrylic acid (CAS 79 -41-4, 98 % pure), ethyl methacrylate (CAS 97-63-2, 99 % pure), and n-butyl methacrylate (CAS 97-88 -1, 99 % pure) were obtained from Fluka Chemie AG (Buchs, Switzerland). Allyl methacrylate (CAS 96 -05-9, 98 % pure) was purchased from Aldrich Chemical Co. (Milwaukee, WI).
Animals. After 2 weeks of acclimatization, nulliparous female (180 -200 g) Sprague-Dawley rats supplied by IFFA CREDO Breeding Laboratories (Saint-Germain-sur-l'Arbresle, France) were housed overnight with adult males (1 male:2 or 3 females) from the same strain and supplier. The day that vaginal smears were found to be sperm-positive was considered day 0 of gestation (GD). Mated females were randomly assigned to treatment groups using a randomization system stratified by body weight on GD 0. Mated females were housed singly in clear polycarbonate cages with stainless-steel wire lids and hardwood shavings as bedding in rooms maintained at 21 Ϯ 2°C, a relative humidity of 50 Ϯ 5%, and a 12-h light-dark photocycle. For exposures, the females were transferred to stainless steel wire mesh exposure cages, and the cages were moved into the chambers. After each exposure, the animals returned to their original cages and "home" rooms. Food pellets (UAR Alimentation Villemoisson, France) and filtered tap water were available ad libitum except during exposures.
Experimental design. Each of the above chemicals was tested in a separate experiment following the same general protocol: groups of 23-27 bred rats (19 -25 pregnant) were exposed to the compound 6 h/day on days 6 through 20 of gestation. The concentrations of methacrylic acid were 50, 100, 200, and 300 ppm; of ethyl methacrylate, 600, 1200, 1800, and 2400 ppm; of n-butyl methacrylate, 100, 300, 600, and 1200 ppm; and of allyl methacrylate, 12, 25, 50, and 100 ppm. Control animals were exposed concurrently to filtered room air in an adjacent chamber identical to those of the treatment groups.
Generation of test atmospheres. Exposures were conducted in 200-L glass/stainless-steel inhalation chambers with dynamic and adjustable laminar air flow (6 -20 m 3 /h). In order to prevent any leakage of the test atmospheres, the chambers were maintained at a negative pressure of no more than 3-mm water. The chamber temperature was set at 23 Ϯ 2°C and the relative humidity at 50 Ϯ 5%. Food and water were withheld during exposures. Two vapor generation systems were used, depending on the chemical tested. The first system, which was used for methacrylic acid, consisted in delivering a constant rate of liquid chemical with an infusion pump at the top of a heated glass column filled with glass beads. Compressed air heated by a glass heater was introduced at the bottom of the glass column in a countercurrent fashion to the liquid flow. The second system, which was used for ethyl methacrylate, n-butyl methacrylate, and allyl methacrylate, consisted in passing an additional airflow rate through the fritted disk of a heated bubbler containing the test chemical. Under both conditions, the vaporized compounds were introduced into the main air-inlet pipe of the exposure chambers.
Atmosphere sampling and analysis. Concentrations of methacrylate esters were monitored continuously with a gas chromatograph equipped with a flame ionization detector and an automatic gas-sampling valve. In addition, the exposure levels were determined once during each 6-h exposure period by collecting atmosphere samples through glass tubes packed with activated charcoal. The charcoal samples were then desorbed with carbon disulfide. The resulting samples were then analyzed by gas chromatography using appropriate internal standards. Internal calibrations of methacrylates were performed using 2-heptanone, n-butyl acrylate, and isoamyl acetate for the analysis of ethyl methacrylate, n-butyl methacrylate, and allyl methacrylate, respectively.
Concentrations of methacrylic acid were determined 3 times, at regular intervals, during each 6-h exposure period. Atmosphere samples were collected through quartz fiber filters impregnated with a Na 2 CO 3 and glycerol solution. The filters were then desorbed with deionized water. The resulting samples were analyzed by a Dionex ion chromatograph equipped with AG9-SC and AS9-SC columns. Concentrations of methacrylic acid were not monitored continuously. Because the concentrations determined by analyses were essentially the same as the target concentrations, the target concentrations will be referred to throughout this paper (Table 1 ).
In the case of methacrylic acid, which has a low vapor pressure (0.65 mm Hg at 20°C), the presence of liquid particles was evaluated at the highest concentration generated (i.e., 300 ppm). Airborne particles were measured with an Aerodynamic Particle Sizer (APS 3300 model, TSI, U.S.), with a lower detection limit of 0.5 m. No difference in particle counts was observed between the clean filtered air (control) and vapor-laden air in the exposure chambers. Preliminary level-setting studies have indicated that 1300 -1400 ppm n-butyl methacrylate was the highest reliable vapor concentration technically possible.
Maternal and fetal evaluations. Food consumption was measured for the intervals GDs 6 -13 and 13-21. Maternal body weights were recorded on GDs 0, 6, 13, and 21. On GD 21, the females were killed with an intrapulmorary injection of T61 (Hoechst, Frankfurt, Germany). The uterus was then removed and weighed. The number of corpora lutea, implantation sites, resorptions, and dead and live fetuses were recorded. Uteri which had no visible implantation sites were stained with ammonium sulfide (10%) to detect very early resorptions (Salewski, 1964) . Live fetuses were weighed, sexed, and examined for external anomalies including those of the oral cavity. Half of the live fetuses from each litter were preserved in Bouin's solution and examined for internal soft-tissue changes (Barrow and Taylor, 1969; Wilson, 1965) . The other half were fixed in ethanol (70%), eviscerated, and then processed for skeletal staining with alizarin red S for subsequent skeletal examination (Staples and Schnell, 1964 ).
Statistical analysis.
Whenever possible, the data were presented as mean Ϯ SD. The number of corpora lutea, implantation sites and live fetuses, maternal food consumption, and various body weights were analyzed by one-way analysis of variance, followed by Dunnett's test if differences were found. The percentages of non-live implants, resorptions, and males, and the proportions of fetuses with alterations in each litter were evaluated by the Kruskal-Wallis test,followed by the Dixon-Massey test where appropriate. Rates of pregnancy and percentages of litters with any malformations or external, visceral, or skeletal variations were analyzed by using Fisher's test. Where applicable, least-squares analysis was carried out. The reported level of statistical significance was p Ͻ 0.05. The litter was used as the basis for analysis of fetal variables.
RESULTS
Methacrylic Acid
All animals survived the exposure. Exposure to 300 ppm led to significant decreases in maternal weight gain and food consumption throughout exposure (Tables 2 and 3 ). Absolute weight gain was significantly reduced at 300 ppm (Table 2 ).
There were no significant changes in the number of implantations and live fetuses, in the incidence of non-live implants and resorptions, or in fetal body weights across groups (Table 4) .
One fetus of the 200-ppm and two of the 300-ppm methacrylic groups showed different types of malformations (Table 5) . There was no consistent pattern of change to suggest any treatment-related effects. The incidences of fetuses with external, visceral, and skeletal variations did not differ between the control and the treated groups.
Ethyl Methacrylate
No maternal deaths were observed during this study. Maternal body weight gain was significantly reduced during the first half of exposures at 1200 and 1800 ppm and throughout the whole exposure period at 2400 ppm ( Table 2 ). The overall weight gain between GD 6 and GD 21 was significantly depressed at 1200, 1800, and 2400 ppm. There was a concentration-related decrease in absolute weight gain, which was statistically significantly different from control at 1200 ppm and above. Exposure to 2400 ppm was associated with maternal weight loss when the gravid uterus weight was subtracted from the body weight change for GDs 6-21. A slight but statistically significant decrease in food consumption was seen at 600 ppm during the first half of exposure (Table 3) . Food consumption was significantly less than control for the entire exposure period at 1200 ppm and above. There was no significant effect of treatment on the mean number of implantations and live fetuses, on the incidences of non-live implants and resorptions, or on the fetal sex ratio (Table 4) . Fetal body weight was significantly reduced at 1200 ppm (males) and at higher concentrations (all, male, and female fetuses). These decreases amounted to 6 -7% of the control values at 2400 ppm. Single cases of malformations were seen in all groups with no indication of adverse effects due to ethyl methacrylate exposure (Table 6 ). There were no significant differences in the incidences of external, visceral (primarily distended ureter), or skeletal variations (primarily incompletely ossified sternebrae and/or vertebrae, and/or supernumerary ribs) between the control and treated groups.
n-Butyl Methacrylate
No test dam died. Exposure to 300 ppm or higher concentrations of n-butyl methacrylate led to a significant decrease in maternal body weight gain during the first half of exposure ( Table 2 ). The overall maternal weight gain during GDs 6-21 and the absolute weight gain were significantly less than control at 1200 ppm. A slight reduction in maternal food consumption was observed during the first half of exposure at 300 ppm and higher concentrations (p Ͻ 0.05 and p Ͻ 0.01 at 300 and 1200 ppm, respectively). No adverse effects on the average number of implantations and live fetuses, incidence of non-live implants or resorptions, or fetal sex ratio were noted among litters exposed to n-butyl methacrylate (Table 4) . Fetal body weight was significantly reduced at 600 ppm (females) and at 1200 ppm (all, male, and female fetuses). These decreases amounted to 5% of the concurrent control values at 1200 ppm. Occasional visceral malformations occurred in low frequency and were distributed across the different groups, including control (Table 7) . There were no significant differences between the control and treated groups in the incidences of either individual or total external and visceral variations, or of individual skeletal variations. The only statistically significant changes were higher mean percentages of fetuses with skeletal variations or any variations at the highest concentration of n-butyl methacrylate, compared with the concurrent control. The biological relevance of these findings is limited by the fact that the observed incidences occurred with no clear concentration-related pattern. These increases might be considered at most as slight fetotoxicity.
Allyl Methacrylate
All female rats survived the test period. Maternal weight gain was significantly less than control during the first half of exposure at 12 and 25 ppm and throughout the entire exposure period at 50 and 100 ppm. The overall weight gain on GD6-21 was significantly reduced at 12 ppm and higher concentrations. When GD 21 body weights were corrected for gravid uterine weight, weight gain over the exposure period was severely reduced at 12 and 25 ppm, and body weight loss occurred at 50 and 100 ppm (Table 2) . No data on food consumption is available because of a technical failure. The mean number of implantation sites and of live (22) 154 (22) 152 (22) 154 (22) (5) 12 (9) 7 (4) fetuses was comparable across groups (Table 4 ). There was a slight and non-significant increase in the incidence of non-live implants and of resorptions at 50 and 100 ppm, compared to the concurrent control. There was a concentration-related decrease in fetal body weight, which achieved statistical significance at 100 ppm (10% lower than control). (22) 163 (22) 133 (20) 160 (23) 114 (19) Skeletal 149 (23) 163 (22) 134 (20) 159 (23) 113 ( a The incidence of individual defect is presented as number of fetuses (number of litters). Only live fetuses were examined. A single fetus may be represented more than once in listing of the individual defects.
b Findings with the same letter subscript are from the same fetus. c A single fetus exhibited multiple skeletal alterations which included bipartite and/or incompletely ossified sternebrae (1-6), fused thoracic vertebral archs, unossified sacral vertebral centrae, and severe incomplete ossification of the skull (unossified interparietal, supraoccipital, and hyoid, and incomplete ossification of parietals and exoccipital) and of cervical, thoracic, lumbar, and sacral vertebral archs.
d Mean Ϯ SD. e Frontals, parietals, interparietal, supraoccipital, and/or hyoid. f Unossified, alizarine red S negative.
Visceral malformations were observed in one control fetus and in two fetuses from the low-concentration group (Table  8) . Several common visceral and skeletal variations were observed with no statistically significant differences between treated and control groups.
DISCUSSION
Inhalation exposure of rats to methacrylic acid, ethyl, nbutyl, or allyl methacrylate did not produce evidence of embryolethality or teratogenicity up to concentrations which produced overt maternal toxicity. (24) 170 (24) 183 (25) 160 (22) 177 (25) Skeletal 165 (24) 169 (24) 182 (25) 159 (22) 176 ( (8) 10 (6) 7 (6) 19 (9 Exposure to 300-ppm methacrylic acid caused overt maternal toxicity, evidenced by significant decreases in body weight gain and food consumption throughout the exposure period. The lowest concentration of ethyl methacrylate, 600 ppm, produced maternal toxic effects that were limited to a slight, but statistically significant, decrease in maternal food consumption during the first half of exposure. Concentrations of 1200-ppm ethyl methacrylate and above caused obvious maternal toxicity. This was indicated by decreases in body weight changes (at least during the first half of treatment) and in absolute weight gain, and by a reduction in food consumption over the entire exposure period. Exposure to 300 -600 ppm n-butyl methacrylate resulted in mild maternal toxicity, evidenced by a transient decrease in weight gain and a minimal and transient decrease in food consumption. At the high level of 1200 ppm n-butyl methacrylate, maternal toxicity was more pronounced and was also expressed as reduced absolute weight gain. Allyl methacrylate caused marked maternal toxicity char- (7) 23 (10) acterized by pronounced reductions in weight gains and severe depressions in absolute weight gain at all the exposure levels tested (12-100 ppm). Fetal toxicity, evidenced by a significant decrease in fetal body weights, appeared at 1200-ppm ethyl methacrylate, 600-ppm n-butyl methacrylate, and 100-ppm allyl methacrylate. Despite overt maternal toxicity, no evidence of fetal toxicity was observed up to 300-ppm methacrylic acid. Therefore, the no-observable-adverse-effect-level (NOAEL) for developmental toxicity was Ն 300 ppm for methacrylic acid, 600 ppm for ethyl methacrylate, 300 ppm for n-butyl methacrylate, and 50 ppm for allyl methacrylate. Developmental toxic effects were clearly dissociated from the maternal toxicity. These results indicate that these methacrylates are not selectively toxic to the embryo or fetus following inhalation exposure.
The results of this study contrast with the findings of Singh et al. (1972) who reported an increased incidence of resorptions and malformations in Sprague-Dawley rats given ethyl or n-butyl methacrylate ip on GDs 5, 10, and 15. However, this latter study employed an unusual dosing schedule and route of administration, and information on the maternal response was not provided.
In a similarly designed study conducted in this laboratory (Saillenfait et al, 1999) , pregnant Sprague-Dawley rats were exposed to 50 -300 ppm acrylic acid, 25-200 ppm ethyl acrylate, or 100 -300 ppm n-butyl acrylate. Severe maternal toxicity, expressed as pronounced decreases in weight gain and food consumption, occurred at 200 and 300 ppm acrylic acid, 200 ppm ethyl acrylate, and 200 and 300 ppm n-butyl acrylate. Developmental toxicity, evidenced by decreases in fetal weights, was observed at 300 ppm acrylic acid and at 200 ppm ethyl or n-butyl acrylate. These findings and those of the present study indicate that inhaled ethyl and n-butyl acrylate are more maternally and developmentally toxic than their corresponding methacrylates. Likewise, acrylates have been shown to be more toxic than methacrylates after acute oral or ip administration in mice Tanii and Hashimoto, 1982) or inhalation exposure in rats (Oberly and Tansy, 1985) . Acrylates were also more potent than their corresponding ␣-methyl analogs in vitro (Yoshii, 1997) .
In conclusion, inhalation exposure of Sprague-Dawley rats from GDs 6 to 20 to ethyl, n-butyl, or allyl methacrylate resulted in fetal toxicity, but no teratogenicity, at concentrations that also produced maternal toxicity. Methacrylic acid did not affect embryo/fetal development up to exposure levels sufficiently high to cause maternal toxicity.
